are consistent with the recent proposal that excitation
are consistent with the recent proposal that excitation in Drosophila photoreceptors may be mediated by the DAG branch of the PI pathway and suggest that degeneration in rdgA is caused by uncontrolled Ca 2ϩ influx via the TRP channels during a critical time window of pupal development. ther allele was any response to light detected in wholecell recordings, even with the brightest flashes, which would normally saturate the wild-type (wt) response. gene. Shaker channels are normally first expressed late The severe nature of the rdgA mutation was immediin pupal development, generating currents in excess of ately obvious from the appearance of dissociated om-2 nA by the time of eclosion (Hardie, 1991a). In adult matidia prepared for recording. wt adult ommatidia have rdgA photoreceptors, although delayed rectifier cura robust and rigid appearance, probably due to a wellrents were normal, there was virtually no sign of Shaker developed cytoskeleton. By contrast, rdgA BS12 ommachannels in whole-cell currents (Figure 2 ). tidia are smaller and less robust in appearance, resemThe most significant phenotype detected under bling, at least superficially, ommatidia prepared from whole-cell voltage clamp was the presence of a small pupae. Under whole-cell voltage-clamp conditions, fur-‫05ف(‬ pA), constitutively active inward current, characterther similarities with pupal photoreceptors were apparized by high-frequency noise, which was detected iment. First, cell capacitance was only 8-15 pF compared mediately on establishing the whole-cell configuration with ‫05ف‬ pF in wt adults (Figure 2 ) and similar to values in all rdgA photoreceptors recorded from (n ϭ 45). This recorded in pupae at 70%-75% of pupal development constitutive activity appeared to be a specific feature (Hardie et al., 1993a; see also Figure 6 ). This is indicative of the rdgA mutation and has not been observed in a of greatly reduced membrane surface area, due to the wide range of other mutants. Among others, these innear absence of microvilli. Second, adult Drosophila clude two other retinal degeneration mutants (rdgB and photoreceptors express at least two classes of K chanrdgC); null mutants of rhodopsin (ninaE), which have nels at high density: delayed rectifier channels and rapidly inactivating A channels encoded by the Shaker similar severe defects in rhabdomere morphogenesis; was also obtained using an alternative rdgA allele days, and loss of virtually all microvillar structure by this time was confirmed by EM ( Figure 4G , the channels appeared to be TRPL channels. They were not blocked by La 3ϩ , their I-V relationship closely resembled that of the light-induced current in trp mutants, and the noise power spectra were concentrated at somewhat lower frequencies and could be fitted by the sum of two Lorentzians with time constants of ‫2ف‬ and 0.2 ms, as previously reported for TRPL channels ( Figure 5) . Finally, the current was eliminated by the trpl mutation, i.e., in rdgA;trpl;trp 343 treble mutants, which no longer showed any constitutive activity ( Figure 5 ).
Results

Development of Constitutive Activity and Degeneration
The finding that trp mutations rescued early degeneration in rdgA suggested that Ca 2ϩ influx via these channels might trigger degeneration. However, the constitutive activity of TRPL in rdgA;trp questions this interpretation, since they also mediate substantial Ca In rdgA flies, constitutive activity was first noticed in photoreceptors from ‫-57ف‬hr-old pupae; in such cells, the activity consisted of random channel openings that could be blocked by La 
DAG Kinase Is Required for Response Termination
The onset of degeneration in rdgA at ‫57ف‬ hr of pupal development precedes the development of the first responsiveness to light, which occurs at 80-85 hr (Hardie et al., 1993a). Possibly as a consequence of this, rdgA photoreceptors never become responsive to light, precluding analysis of a possible role of DGK in phototransduction. It was therefore particularly interesting to discover that rdgA;trp photoreceptors not only were structurally rescued, but also had recovered sensitivity to light. Responses, however, showed specific defects, suggesting a direct role for DGK in phototransduction.
Sensitivity in newly eclosed adult rdgA;trp photoreceptors, estimated from the intensity required to generate peak responses of similar amplitude, was reduced by ‫3ف‬ log units compared with trp controls (Figure 7A 
rdgA;trp
343
, almost 10-fold longer than those measured in trp 343 controls ( Figure 7C ). Whole-cell recordings can only be readily made from values in excess of 2 nA (Figure 6 ). By contrast, delayed rectifier channels, which appear much earlier than adults within a few hours of eclosion; thus, sensitivity to light at later times was monitored using the ERG. Shaker, were expressed at approximately normal levels in rdgA (see Figure 2) . Figures 7D and 7E summarize the results: in brief, rdgA;trp flies remained competent to respond as long Taken together, these results suggest that Ca 2ϩ influx , and the resulting uncontrolled Ca 2ϩ influx represents an obvious candidate for the primary cause of responses for up to 2 weeks, and rdgA;trp 343 for at least 4 weeks. The ERG results confirmed the whole-cell redegeneration. This was supported by the rescue of the degeneration phenotype by trp mutations. Of particular cordings, in that the most obvious phenotype was an extremely slow response termination. Peak responses interest was the finding that responsiveness to light was also restored in rdgA;trp double mutants and that the in rdgA;trp to the same intensity (subsaturating) flashes in newly eclosed flies differed little from trp controls, responses exhibited a specific defect in response termination. These results have implications, not only for unalthough the slope of the rising phase of the ERG was reduced by approximately 2-to 3-fold (data not shown).
derstanding the mechanism of degeneration, but also for the mechanism of excitation, representing independent genetic evidence in support of the proposal that Discussion excitation may be mediated via the DAG branch of the PI pathway. rdgA is probably the most severe retinal degeneration mutant in Drosophila, but the mechanism of degeneration is unknown. A key finding of the present study was Implications for Degeneration While it has long been recognized that degeneration in that the light-sensitive TRP channels were constitutively active in rdgA. These channels are highly permeable to rdgA is light independent ( 1999). This suggested that excitation may be mediated It seems unlikely that the lower Ca 2ϩ permeability of via the DAG branch of the PI pathway since PUFAs can the TRPL channels alone was a sufficient explanation for be released from DAG via DAG lipase. Eukaryotic genes rescue from degeneration in rdgA;trp since the fractional for DAG lipase have yet to be cloned; however, this Ca 2ϩ current of TRPL channels is still ‫%03ف‬ of that enzyme is believed to play important signaling roles in of TRP channels (Hardie, 1996) , and the constitutive a number of vertebrate cells by releasing arachidonic currents in adult rdgA;trp photoreceptors were often acid (reviewed by Topham and Prescott, 1999), which larger than those in the rdgA mutants. We suggest inin some cases can also activate cation channels in the stead that the delayed onset of the constitutive activity plasma membrane (Van der Zee et al., 1995; Shutof the TRPL channels in rdgA may be the more signifitleworth, 1996; Broad et al., 1999). Assuming there is cant factor. Adult photoreceptors tolerate massive and some basal production of DAG in the dark, the lack of maintained light-induced Ca 2ϩ influx, which would be excess DAG in rdgA suggests that DAG may be metabotoxic in most cell types. It seems plausible that the lized by alternative pathways. Diversion of DAG metabomechanisms that confer tolerance to Ca 2ϩ influx may lism to generate PUFAs rather than PA (see Figure 1 ) develop in parallel with the rest of the phototransduction would provide a working hypothesis for understanding machinery only during the last 20 hr of pupal develophow the rdgA mutation can lead to constitutive activity ment. This would explain why only Ca 2ϩ influx prior to of the light-sensitive channels and subsequent degenerthis period is capable of inducing the severe degeneraation. tion characteristic of the rdgA phenotype. We also note While they cannot be excluded, other possible consethat when tested, the constitutive activity in rdgA apquences of the rdgA mutation seem unlikely to account peared to be more or less completely blocked by La 3ϩ , for the constitutive activity. First, by metabolizing DAG, implying that there was no concomitant activity of TRPL DGK might be expected to lower the activity of PKC, channels. This suggests that the early onset of degenerwhich might thus be hyperactivated in rdgA. However, ation in rdgA may prevent incorporation of functional the eye PKC mutant inaC itself has a defect in response TRPL protein into the developing photoreceptor, much inactivation-exactly the opposite of what would be reas appears to be the case for the Shaker channels.
quired to be consistent with the rdgA phenotype. DGK Degeneration in rdgA was not completely rescued by also generates PA, which could be hypothesized to play the trp, and it remains unclear what underlies the residan inhibitory role in phototransduction; however, incorual degeneration in rdgA;trp. Constitutive activity of poration of up to 40 M PA into photoreceptors via the TRPL channels may be responsible for the minor defects patch pipette had no discernible effect on the wt light seen on the day of eclosion, as these were largely resresponse or on the level of constitutive activity in rdgA cued in rdgA;trpl;trp; however, this cannot account for mutants (data not shown). We also considered the possithe progressive slower degeneration, which was not resbility that constitutive activity might result from a noncued in the treble mutant. Possibilities might include specific effect of defective rhabdomere morphogenesis hyperactivation of PKC or a disturbance in the phosphoand/or delocalization of the channel proteins from the lipid composition of the microvillar membrane.
microvilli. This seems unlikely, as constitutive activity (though now of TRPL channels) was also a characteristic Implications for Phototransduction feature of rdgA;trp 343 photoreceptors in which rhabdoThe mechanism of activation of the light-sensitive chanmere morphogenesis was restored to near normal. By nels is the major unanswered question in Drosophila contrast, null ninaE mutants, which show a degree of phototransduction and may have implications for the microvillar disorganization similar to that of rdgA, were mechanism of activation of the large family of vertebrate never found to have constitutively active channels; nei-TRP homologs (reviewed by Birnbaumer et al., 1996;  ther was any such phenotype reported in another mutant Kiselyov and Muallem, 1999). Hence, the identification with defective rhabdomere morphogenesis, chaoptin (Scott and Zuker, 1998b). Finally, no constitutive activity of a mutation that results in their spontaneous activation we scored the number of flies showing discernible patterns. By 1993). Double mutants (rdgA;trp) of all three trp alleles were genereither measure, R1-R6 rhabdomeres were completely degenerated ated using standard crosses with appropriate balancers. rdgA;trpl in rdgA flies on the day of eclosion (although occasional central, double and rdgA;trpl;trp treble mutants were generated using the R7 rhabdomeres could be seen), while wt or trp controls showed trpl 302 null allele (Niemeyer et al., 1996). Pupal age was estimated no degeneration under the dark-rearing conditions used, up until at by aging pupae selected at ‫%57ف‬ of pupal development, at which least 6 weeks. time there are a number of recognizable stages of short duration (Bainbridge and Bownes, 1981; Hardie et al., 1993a). We assumed the following ages for these short-lived stages: p11i (75 hr), p11ii
Electron Microscopy (76 hr), and p12i (77 hr). For earlier stages, we assumed late p9
Eyes were prepared for histology by dissecting in ice-cold fixative pupae (dark amber eyes) were 70 hr old, and p10 (red eyes, no (2% formaldehyde, 2.5% glutaraldehyde in 0.1 M Na cacodylate bristles) 73 hr. Eclosion was assumed to have occurred at 100 hr buffer [pH 7.3]). After 4 hr fixation at 4ЊC, eyes were buffer washed, postpuparium.
postfixed in 1% OsO 4 (1 hr), and stained en bloc in uranyl acetate (1 hr). Eyes were dehydrated in an alcohol series and embedded in Electrophysiological Recordings and Stimulation Spurr's. Ultrathin sections (70 nm) were stained with uranyl acetate Dissociated ommatidia were prepared as previously described (Harand lead citrate, and viewed on a Phillips CM100 transmission EM. die, 1991b) and transferred to a recording chamber on an inverted Nikon Diaphot microscope. Cells were whole-cell voltage clamped at Ϫ70 mV, unless otherwise stated. Series resistance values were Acknowledgments generally below 25 M⍀ and were routinely compensated to 80% when measuring currents Ͼ200 pA. Data were collected and ana- 
